INTRODUCTION
============

Dramatic increases in the number of patients with type 2 diabetes and their accompanying diabetic-related vascular complications have made diabetic foot problems an increasingly important clinical concern. Diabetic foot ulcers (DFUs) are frequent and disastrous complication of diabetes, often leading to lower extremity amputation (LEA).^[@R1]^ The lifetime risk for developing foot ulcers among patients with diabetes is as high as 25%,^[@R2]^ and individuals with diabetes have a 15- to 40-fold higher risk of LEA compared with the general population.^[@R3]^ The incidence of diabetes-related LEA among patients with type 2 diabetes has increased compared with that of type 1- and nondiabetic-related LEA.^[@R4],[@R5]^ Therefore, in addition to managing glycemic levels and controlling for cardiovascular risk, diabetic foot problems should not be neglected in management of patients with type 2 diabetes.

A number of risk factors contribute to the development of DFUs, including previous amputation, previous foot ulcer history, peripheral neuropathy or foot deformity, peripheral artery disease, impaired vision, smoking, and renal impairment.^[@R6],[@R7]^ A large meta-analysis also reported DFUs to be associated with an increased risk of cardiovascular deaths and all-cause mortality.^[@R8]^ Therefore, identifying risk factors and patients at risk for DFUs are key for preventing these serious diabetic complications.

Cardiovascular autonomic neuropathy (CAN) is one of the chronic complications in type 2 diabetes. CAN is significantly related with cardiovascular disease (CVD) and CVD-related mortality due to silent myocardial ischemia, or life-threatening cardiac arrhythmia.^[@R9]^ CAN can be easily measured on the basis of outpatient using Ewing method, measuring heart rate variability (HRV) during a Valsalva maneuver, deep breathing, and upright posture.^[@R10]^ The association between peripheral autonomic neuropathy and DFUs has been well verified.^[@R11],[@R12]^ However, little is known about the association between CAN and DFUs in patients with type 2 diabetes, especially among those without diabetic polyneuropathy (DPN).

This study investigated the association between CAN and the development of DFUs in patients with type 2 diabetes without DPN. To the best of our knowledge, this is the first long-term prospective study to show evidence of this relationship in an Asian population.

METHODS
=======

From January 2000 to December 2005, a total of 1014 patients age 25 to 75 years with type 2 diabetes enrolled in a DPN study were consecutively recruited to participate in the present study. A cardiovascular autonomic function test (AFT) was performed at the university-affiliated diabetes center of St Vincent\'s Hospital in South Korea. Seventy-four patients were excluded from the study for arrhythmia or severe illness such as heart failure, liver cirrhosis, alcoholism, severe infection, or malignancy. Patients with type 1 diabetes, chronic kidney disease (CKD) stage 3 and higher, end-stage renal disease, former or current DFUs, or previous amputation were excluded. Three hundred forty-five patients diagnosed with DPN at baseline were also excluded. During the follow-up period from January 2000 to June 2015, 132 patients who dropped out and 14 patients who died before reaching the endpoint were excluded from the analyses. The Catholic Medical Center Ethics Committee approved this study. All participants provided their signed informed consent.

At the commencement of the study, patient height, body weight, and systolic and diastolic blood pressures were measured. Hypertension was defined as systolic blood pressures ≥140 mm Hg, diastolic blood pressures ≥90 mm Hg, or the use of antihypertensive medications. Fasting and postprandial plasma glucose levels were measured using an automated enzymatic method, and glycated hemoglobin (HbA~1c~) levels were measured using high-performance liquid chromatography with a reference range of 4.4% to 6.4% (25--46 mmol/mol) (Bio-Rad, Montreal, Quebec, Canada) every 6 months during the follow-up period. Blood lipid concentrations of total cholesterol, triglycerides, and high-density lipoprotein cholesterol were measured enzymatically using an automatic analyzer (model 736-40, Hitachi, Tokyo, Japan). Estimated glomerular filtration rates (eGFRs) were used to determine CKD classification using the 4-component Modification of Diet in Renal Disease equation.^[@R13]^ We defined smoking as current or past smokers within 3 years before enrollment in the study.^[@R14]^ Alcohol consumption was defined as drinking any type of alcoholic beverage at least once a week for a period of 6 months or longer.

Ophthalmologists reviewed diabetic retinopathy findings as assessed from retinal photographs taken at baseline. Urinary albumin excretion rates were measured from a 24-h urine collection using immunoturbidimetry (Eiken, Tokyo, Japan). Diabetic nephropathy was defined as a urine albumin excretion (UAE) rates \>30 mg/d.^[@R15]^

DPN was assessed using the 5.07 Semmes--Weinstein monofilament test on 10 sites on both feet, comprehensive foot examination, and nerve conduction studies. DPN was defined as the presence of 2 or more abnormalities according to typical symptoms, signs, quantitative sensory tests, or nerve conduction studies.^[@R16]^

In the present study, CVD was defined as a diagnosed history of coronary artery disease (CAD) or cerebrovascular disease (CVA), while CAD was defined as a history of diagnosed angina pectoris, myocardial infarction, or coronary revascularization (coronary bypass surgery or coronary angioplasty). Stroke history included previous transient ischemic attack or cerebral infarction. Specialists, including cardiologists, neurologists, or neurosurgeons, confirmed the clinical diagnosis of CVD based on verified medical records.^[@R17]^ The cardiovascular AFT was performed by 1 examiner using the Ewing method, which included a test for HRV, such as the expiration/inspiration (E/I) ratio, responses to the Valsalva maneuver, and postural change from lying to standing position, as previously described.^[@R10],[@R17]^ E/I ratios below the age-related reference value, Valsalva ratios \<1.20, and posture ratios \<1.03 were considered abnormal. Each these 3 ratios were scored as normal (0) or abnormal (1), for a total maximum score of 3. The CAN staging scores of 0 were defined as normal autonomic function, while scores of 1 and 2 or more were defined as early CAN and definite CAN, respectively.^[@R18],[@R19]^

Assessment of DFUs and LEAs
---------------------------

During regular outpatient check-ups and diabetes care every 3 to 6 months, physicians evaluated participants for DFUs or amputations. The main outcome in this study was newly developed DFUs, including associated abscesses, gangrene, cellulitis, osteomyelitis, necrotizing fasciitis, and infected ulcers. Using the Wagner--Meggitt classification system, any patient with Wagner Grade 1 or greater foot ulcer lesions involving the foot or ankle was considered to have DFUs.^[@R20]^

Statistical Analyses
--------------------

Baseline data were presented as the mean ± standard deviation values or median with interquartile range. The statistical analyses were performed using SAS version 9.3 (SAS Institute, Inc., Cary, NC, USA). A *P* value of \<0.05 was considered to be statistically significant. Continuous variables were compared with independent Student *t* tests, while categorical variables were compared using a χ^2^ tests. We used Cox proportional hazards regression models to assess the associations with the outcome and CAN. Models included sex, age, duration of diabetes, the presence of hypertension, smoking, alcohol consumption, mean HbA~1c~, diabetes treatment, the use of angiotensin converting enzyme (ACE) inhibitors or angiotensin receptor blockers, the use of statin or aspirin, and the presence of diabetic retinopathy and nephropathy. We evaluated the potential interaction between CAN stage and other prognostic factors, such as the mean HbA~1c~ level, diabetes duration, and diabetic nephropathy during the study. The results were reported as hazard ratios (HRs) with 95% confidence intervals (CIs).

RESULTS
=======

Baseline Characteristics of the Study Population According to DFUs
------------------------------------------------------------------

The median follow-up time was 13.3 years. Of 595 patients enrolled in this study, 449 (75.4%) completed the follow-up evaluation. At baseline, the total study population who completed the follow-up consisted of 178 (39.6%) men and 271 (60.4%) women, with a mean age and diabetes duration of 53.5 ± 9.7 and 6.1 ± 5.2 years, respectively. At the commencement of the study, 86 (19.2%) patients were receiving insulin therapy and 294 (65.5%) were receiving sulfonylurea treatment. Compared with participants who did complete the follow-up evaluation, 146 patients who did not complete the follow-up evaluation did not differ with respect to sex ratio (*P* = 0.67), age (53.5 ± 9.7 years vs 53.7 ± 10.3 years; *P* = 0.82), diabetes duration (6.1 ± 5.2 years vs 6.2 ± 5.9 years; *P* = 0.82), and baseline HbA~1c~ (8.7 ± 2.1% \[71.8 ± 22.4 mmol/mol\] vs 9.1 ± 2.5% \[75.9 ± 27.4 mmol/mol\]; *P* = 0.10).

During the follow-up period, 22 (4.9%) patients developed DFUs, corresponding to an incidence of 3.7 per 1000 patient-years. The median time from enrollment to the first occurrence DFU was 4.4 years. Overall, patients with DFUs had a longer duration of diabetes and more often received insulin treatment. Diabetic microvascular complications at baseline, such as retinopathy and nephropathy, were observed more frequently in the group with DFUs (Table [1](#T1){ref-type="table"}). Six (1.3% of total, 27.3% of patients with DFUs) LEAs were performed during the follow-up period. Among patients who required amputations, only 1 (16.6% of the patients with DFUs) required major amputation. The group with DFUs had a higher mean HbA~1c~ level (9.2 ± 1.3% \[77.2 ± 14.2 mmol/mol\] vs 8.1 ± 1.3% \[65.3 ± 13.4 mmol/mol\]; *P* \< 0.001) and mortality rate (9.1% vs 1.6%, *P* = 0.015) during the study.

###### 

Descriptive Characteristics at Baseline Examination
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Clinical Characteristics of the Study Population According to CAN Stage
-----------------------------------------------------------------------

In this study, 139 (31.0%) and 69 (15.3%) patients had early and definite CAN at baseline; 38 (8.5%), 150 (33.4%), and 99 (22.0%) patients showed abnormal HRV responses to deep breathing, the Valsalva maneuver, and postural change. Among patients with DFUs, an abnormal response to it was observed in the majority (59.1%) of patients. Patients with DFUs had significantly more abnormalities than patients without DFUs, as shown in all of the subsections of the AFT.

Patients with higher CAN scores were older, were more often female, had diabetes for a longer period, had more diabetic retinopathy, were more likely to have hypertension, and were more often treated with insulin. Patients with higher scores also tended to exhibit higher fasting glucose and baseline HbA1c levels (Supplementary Table 1). Compared with subjects without DFUs, the incidence of DFUs increased with increasing CAN scores (5 \[22.7%\] patients with normal autonomic function vs 7 \[31.8%\] patients with early CAN vs 10 \[45.5%\] patients with definite CAN; *P* for trends \<0.001). In addition, patients with higher CAN stages had a higher rate of LEAs during the follow-up (no patients with normal autonomic function vs 2 \[1.4%\] patients with early CAN vs 4 \[5.8%\] patients with definite CAN; *P* for trends \<0.001).

Association Between CAN and DFUs
--------------------------------

Univariate Cox regression analysis showed that diabetes duration, mean HbA~1c~ level, diabetic retinopathy, diabetic nephropathy, and CAN were potential risk factors for DFUs. In multivariable Cox proportional hazard regression analysis, patients with definite CAN showed a 4.5-fold increased risk of DFUs compared with those with normal autonomic function during the observation period after adjusting for sex, age, diabetes duration, hypertension, smoking, alcohol consumption, body mass index, mean HbA~1c~, eGFR, low-density lipoprotein cholesterol, insulin treatment, ACE inhibitor or angiotensin receptor blocker use, and diabetic nephropathy (Table [2](#T2){ref-type="table"}). Glycemic control was an important factor for future development of DFUs. The risk of DFUs increased about 60% for each 1% point increase in mean HbA~1c~ level (HR, 1.58; 95% CI, 1.10--2.25; *P* = 0.01). In the patient group with both definite CAN and poor glycemic control (mean HbA~1c~ \> 9%), the HR for DFUs increased to 9.82 (*P* for interaction = 0.18). In addition, in the patient group with both definite CAN and albuminuria, the HR for DFUs increased to 9.10 compared with that of patients without either factor (*P* for interaction = 0.85).
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DISCUSSION
==========

This long-term, prospective, observational cohort study revealed a significant relationship between diabetic cardiovascular autonomic dysfunction and the development of DFUs in patients with type 2 diabetes during a 13-year follow-up period. We found that definite CAN increased the risk of DFUs even in patients with type 2 diabetes without DPN.

The Centers for Disease Control and Prevention\'s National Hospital Discharge Survey reported an annual rate of 8 hospital discharges with a diagnosis of DFU as 5.7 to 8.5 per 1000 diabetic population,^[@R21]^ compared with an incidence of foot ulcers among patients without DPN of 3.7 per 1000 patient-years in our Asian hospital-based cohort study. DFUs and associated limb loss are critical problems for patients with type 2 diabetes. Ethnic differences in social, economic, and geographical factors have been reported in patients with DFUs and LEAs.^[@R22]^ Several studies have reported a lower risk of LEAs in Asian populations compared with those of African-American and Caucasian populations. In a study in Singapore, 3.2% of diabetic patients admitted to the largest tertiary hospital underwent LEAs.^[@R23]^ Other studies have reported a low rate of LEAs among diabetic patients of East Asian ethnicity.^[@R24],[@R25]^

Several risk factors for DFUs have been reported by epidemiologic studies. Previous history of ulcer or amputation, peripheral edema, plantar callus formation, ischemia, diabetic microvascular complications, uncontrolled diabetes, older age, kidney disease, and longer duration of diabetes have been suggested to be important risk factors for DFUs in patients with type 2 diabetes.^[@R23],[@R26]--[@R28]^ DFU is an outcome of complicated risk factors including peripheral neuropathy, peripheral vascular disease, foot deformities, arterial insufficiency, trauma, and impaired resistance to infection.^[@R20]^ Among peripheral neuropathy manifestations, motor neuropathy accounts for the inability to coordinate movement, which often results in foot muscle atrophy or foot deformity.^[@R20],[@R29]^ Loss of protective sensation with recurrent injury is associated with sensory neuropathy.^[@R30]^ These peripheral nerve dysfunctions predispose patients to diabetic foot problems. A previous 4-year prospective study and another other longitudinal double-blind multicenter study showed the predictive value of DPN in the development of DFUs.^[@R31],[@R32]^

However, the contribution of CAN to diabetic foot problems in patients with type 2 diabetes has not been clearly reported. CAN is a well-known independent risk factor for cardiovascular events in patients with type 1 and 2 diabetes. CAN may increase mortality by more than 3-fold, independent of traditional cardiovascular risk factors.^[@R19]^ The Seattle Diabetic Foot Study^[@R33],[@R34]^ is a prospective research on the association between DFUs and CAN. The researchers measured the HRV during deep breathing at 6 breaths/min in 749 patients with type 2 diabetes. They followed up the patients over 3.7 years and detected an incidence of 3.0 per 100 person-years. Aso et al^[@R35]^ reported that diabetic patients with neuropathic foot ulceration exhibited greater impairment in spectral indices of autonomic activity measured using power spectral analysis of heart rate variation in a cross-sectional study.

Previous studies have demonstrated that peripheral autonomic neuropathy may contribute to the development of DFUs due to sympathetic denervation of the skin, with reduced nutritive capillary blood flow, impaired wound healing, loss of sweating, dryness, and skin fissures associated with the development of foot ulceration in diabetic subjects.^[@R36],[@R37]^ Abnormalities in sympathetic vasoconstriction were detectable in the majority of diabetic patients with early-phase autonomic neuropathy.^[@R38]^

CAN is a simple, noninvasive marker of an imbalance or disturbance between sympathetic and parasympathetic (vagal) activity in the lower extremities.^[@R35]^ The Seattle Diabetic Foot Study used cardiovascular reflexes as a measure of peripheral autonomic neuropathy.^[@R33]^ In a previous cross-sectional study in patients with type 2 diabetes, systolic ankle-brachial blood pressure ratio and peripheral artery stiffness were associated with autonomic neuropathy, as evaluated by conventional cardiovascular AFTs and HRV indices.^[@R39],[@R40]^ In our study, CAN was a significant independent prognostic factor for DFUs in patients without DPN. CAN might be associated with endothelial dysfunction by enhancing angiotensin II production and inflammatory response^[@R41]^ which may affect development of DFUs. In addition, CAN is also reportedly related to progression of carotid atherosclerosis,^[@R42]^ CAD,^[@R43]^ and lower extremity arterial calcification.^[@R44]^ The association between CAN and atherosclerosis could be explained by a maladaptive phenomenon in vascular function and structural integrity. However, this relationship has not been fully clarified.

Similar to other types of diabetic complications, glycemic control is important for preventing DFUs.^[@R45],[@R46]^ According to a meta-analysis, the overall relative risk for LEA was 1.26 (95% CI, 1.16--1.36) for each percentage point increase in HbA~1c~.^[@R46]^ One of the important findings in our study is that adequate glycemic control is essential for prevention of DFUs and LEAs. The overall HR for DFUs was 1.58 (1.10--2.25) for each percentage point increase in mean HbA~1c~ among patients with type 2 diabetes in this study. Diabetic nephropathy is a well-known factor of DFUs.^[@R27],[@R31]^ In our study, diabetic nephropathy was a significant risk factor for DFUs, and patients with diabetic nephropathy and definite CAN had an approximately 9-fold higher risk of developing DFUs compared with patients without either factor.

The major strength of this study was the long-term observation to ascertain the relationship between CAN and DFUs in a large cohort of patients with type 2 diabetes. Several limitations of this study need to be addressed. First, we could not check the blood pressure response to standing or the response to sustained handgrip which initially reflect sympathetic autonomic dysfunction. However, each of the 3 tests we performed and analyzed in this study had high reliability and good reproducibility.^[@R10]^ Second, we did not include the patients who did not receive complete follow-up evaluation in the analysis, and this may affect the interpretation of the results, including selection bias. Finally, this study adjusted for CAD and CVA; however, peripheral or other atherosclerosis was not excluded or adjusted for in this study. Although vascular disease and ischemia contribute to DFUs, 60% to 70% of DFUs are neuropathic in origin.^[@R47]^

In summary, the results of this study underscore the importance of CAN as a predictor of DFUs and emphasize the need for clinicians to be aware of patients with definite CAN and type 2 diabetes. The results of this study confirm that definite CAN predicts development of DFUs, even in patients without DPN, which is a major risk factor for DFUs. Screening for foot injuries, regular follow-up of foot status, and patient education are essential for patients with definite CAN in order to prevent DFUs and related LEAs. Subjects with type 2 diabetes and definite CAN, especially individuals with uncontrolled glycemic status, may require more aggressive foot surveillance and additional efforts for foot protection.
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